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ABSTRACT

An examination of helium beam scattering from the basal plane

of graphite and from [001] surfaces of two alkali halide crystals is

presented. Results are given for both 4He and 3He. Incident beam

energies used range from 2.9 meV to 17.3 meV, chosen to probe the

physisorption regime.

Bound state energy levels are measured for 4He and 3He adsorbed

on graphite, NaF and LiF. Matrix elements of the atom - surface

potential Fourier components are measured for 4He on graphite and

LiF. A brief discussion of how this information is used to determine

the details of the gas-atom - solid surface interaction is given.

In the case of 4He and 3He on graphite, comparison is made with thermo-

dynamic adsorption data for submonolayer films and excellent agree-

ment is found.

Resonance lineshapes are studied for 4He scattering from LiF

and from graphite as the incident angles and energy are varied. The

LiF results are seen to agree well with recent theoretical predictions.

For graphite, some phenomena exhibit conformance to elastic theory

while others appear to contradict it. Experimental evidence that the

latter are due to inelastic scattering mechanisms is presented.



iv

TABLE OF CONTENTS

Page

ABSTRACT..................................ii

LIST OF TABLES................................vi

LIST OF FIGURES...........................vii

ACKNOWLEDGMENTS..............................X

I. INTRODUCTION...............................

II. HISTO0RICAL REVIEW...........................3
A. Early Work..........................3
B. Recent Work............................3

111. THEORY.................................6
A. Introduction...........................6
B. Kinematics of the Scattering Process............7
C. Band Structure of Adsorbed Atoms.................9
D. Dynamical Scattering Theories ................ 11

IV. APPARATUS..............................14
A. Beam Formation.......................14
B. Scattering Chamber......................1
C. Alignment............................24
D. 3 He Recirculation System....................26
E. Low Energy Beam Production.................28
F. Electron Optics.......................31

V. EXPERIMENTAL RESULTS..........................33
A. Alkali Halides.......................33

1. Binding energies......................35
2. Matrix elements. ...................................... 43
3. Comparison with scattering theories...........46

B. Graphite..........................50
1. Sample preparation.....................52
2. Binding energies......................58
3. Second-order resonances and splittings ......... 63

a. Using 17.3 meV incident beam............63
b. Using 4.7 meV incident beam.............69

4. Inelastic effects......................75

VI. DISCUSSION............................ S1
A. Alkali Halides........................81

1. Laterally averaged potentials .............. 81
2. Surface periodicit-v........ 84

B. Graphite............................87
1. Application to physisorption...............8
2. Evaluation of scattering theory. ............ 92



v

TABLE OF CONTENTS (cont.)

Page

C. Conclusions...............................94
D. Suggestions for Future Work ..................... 96

REFERENCES....................................97

APPENDIX....................................101
Misalignment and Angular Measurement.................101

Al. Introduction ........................ 101
A2. Angle Measurements for Graphite..............101

A3. Effects of Misalignment....................102
A3a. Surface Normal Misalignrnents ............. 102
A~b. Rotation Axes Misalignments.............102

A3c. Beam and Surface Misalignments ............ 103



vi

LIST OF TABLES

Table Page

1. Energy eigenvalues for He/NaF ..... ............... 42

2. Energy eigenvalues for He/LiF .... ............... . 42

3. 4 He/LiF matrix elements in meV .... .............. 48

4. Energy eigenvalues for 4e/graphite ... ............ . 61

5. Energy eigenvalues for 3He/graphite ... ............ . 63

6A. Parameters of the 3-9 potential ... ............. . 82

6B. Parameters of the shifted Morse hybrid potential ..... . 82

7. Comparison of experimental and calculated eigenvalues . . 83

8. Experimental and theoretical values of 4He/LiF

matrix elements (in meV. ...... ................. 86

9. Parameters of modified Yukawa-6 potential, from
Reference 69 . . . . . . . . . . . . . . . . . . . . . . . 89

10. Experimental and theoretical energy eigenvalues of
He/graphite (in meV) ................... 89

11. Theoretical and experimental matrix elements for
He/graphite (in meV) ................... 90

12. Zeroing results b'fore and after detector axis change . 104 



vii

LIST OF FIGURES

Figure Page

1. Schematic of beam formation ..... ................ . 15

2. Diagram of the apparatus ..... ................. 17

3. Top view of scattering chamber .... .............. 20

4. Sample holder geometry, showing incident beam direction
(1), polar angle rotation (2), and azimuthal angle rota-
tion (3) .......... .......................... . 21

5. Cross-sectional view of sample holder used in graphite
work .......... ........................... 23

6. Schematic of 3He recirculation and storage system ..... . 27

7. Schematic of apparatus for cooling the nozzle to very low
temperatures ......... ....................... 30

8. The LiF surface lattice (with basis vectors) and 3D
crystal directions; = 0' is defined to be along the

(10) direction ........ ...................... 34

9. Typical specular intensity data for He on alkali halides,
showing selective adsorption minima ... ............ . 36

10. Selective adsorption loci in the K -K plane for 4He/LiF;x y
points are measured values, lines are circles described by
Equation (6) using average energies .. ........... . 37

11. Selective adsorption loci for 3He/LiF; points and lines
have same meaning as in Figure 10 ...... ............. 38

12. Selective adsorption loci for 4He/NaF; points and lines
have same meaning as in Figure 10 ...... ............. 39

13. Selective adsorption loci for 3He/NaF; points and lines
have same meaning as in Figure 10 ...... ............. 40

14. Scans of specular intensity vs. polar angle for a variety
of azimuthal values showing the band splitting of two
selective adsorption features (maxima in this case) . . . . 44

15. Data of Figure 14 plotted in K -K plane, showing the
splitting; lines are calculateg f4ee particle circles
[Equation (E)] I ....... ....................... .... 45



viii

LIST OF FIGURES (cont.)

Figure Page

16. Scan of specular intensity vs. azimuthal angle at G 70'
(nominal), showing resonance lineshape for different
transitions ......... ........................ 47

17. Specular intensity ratio for two temperatures, plotted
vs. cos2 9 to test Equation (10) ... ............. . 49

18. The graphite basal plane structure, showing the unit cell
and the first-order reciprocal lattice vectors ...... 51

19. Profile of a specularly reflected beam, taken by scanning
the detector with the sample fixed ... ............ 56

20. Plot of e d vs. e', used to determine the polar angle zero . 57

21. Typical specular intensity data for He/graphite, showing
selective adsorption minima ..... ................ . 59

22. Selective adsorption loci in the Kx-Ky plane for 4He/graph-
ite; points are measured values, lines are circles de-
scribed by Equation (6) using average energies ...... 60

23. Selective adsorption loci for 3He/graphite; points and
lines have same meaning as in Figure 22 .. .......... . 62

24a. Specular intensity vs. azimuthal angle at 17.3 meV for

several values of polar angle corresponding to region
"a" of Figure 25 ....... ..................... . 64

24b. Same as Figure 24a except corresponding to region "b" of

Figure 25 ......... ........................ 65

24c. Same as Figure 24a except corresponding to region "c" of

Figure 25 ......... ........................ 66

25. Resonance loci of data in Figure 24 plotted in normalized

Kx-Ky plane; points are measured data, lines are free
particle curves [Equation (6)] .... .............. 67

26. Specular intensity vs. azimuthal angle as in Figure 24

except incident energy is 4.7 meV ... ............. . 70

27. Resonance loci of data in Figure 26, plotted as in Figure

25 ........... ............................ 71

28. Resonance loci as in Figure 27 but over a larger area of

the K.,-K, plane ........ ...................... 73



ix

LIST OF FIGURES (cont.)

Figure Page

29. Specular intensity vs. polar angle for several azimuthal
angles, showing the splitting depicted in Figure 28;
arrows indicate positions of 1(1,0) resonance for which

scans were not taken ...... ................... 74

30a. Specular intensity vs. polar angle for @ = 00 at 16.8 meV
incident beam energy; the (*) indicate features predicted
to be maxima (see text) ...... .................. 77

30b. Same as Figure 30a except for a 5.1 meV beam energy . ... 78

31. The measurement of total diffracted intensity; specular
and diffraction intensities are plotted vs. polar angle 80.

32. Plot of the 3-9 potential (---) and the shifted Morse

hybrid potential (-.-) for He/NaF (from Ref. 64) ...... . 85

33. Plot of modified Yukakwa-6 potential (summed) for He/graph-
ite over principle lattice sites (from Ref. 69) ...... 91

r



x

ACKC WLEDGMENTS

T.e author would first like to thank Dr. Daniel R. Frankl fnr 'is

hich standards and constant interest in this work. Dr. W. E. Carlos,

Dr. M. W. Cole, and Mr. C. Schwartz are thanked for many stimulating

discussions. Dr. S. V. Krishnaswamy, Ar. T. O'Gorman, Dr. T. Thwaites,

Ar. M. P. Liva, Dr. G. Vidali, 'Is. H. Zimmermann, and, most of all,

Mr. David A. Wesner are all thanked for their valuable contributions

to the experimental work. Drs. T. Noggle, G. Wagoner, M. Dowell,

M. Bienfait, and 7. P. Felcher are all acknowledged for providing

graphite samples. Drs. G. Boato, J. H. Weare, E. D. Thompson, and

V. Celli are tnanked for providing results of their work in advance

of ublication. The aid of Dr. W. A. Steele is acknowledged; in par-

ticular, an extended loan of the IHe storage system. Mr. H. Henry,

Mr. R. Sauers, and Mr. J. Weeks are thanked for their technical

assistance. The National Science Foundation and the Applied Pesearch [
T.Laboratory of The Pennsylvania State University, under contract with :

the Naval Sea Systems Command, are thanked for their financial support

of this project.



I. INTRODUCTION

In the last few years, atomic beam scattering has undergone a

zeriod of rapid development. Beams of low energy neutral atoms are

used to study the properties of surfaces and the details of the atom-

surface interaction. Although it is possible to study a variety of

phenomena such as gas-surface reactions and surface phonon modes, the

discussion here will be mainly restricted to elastic scattering of

rare gas atoms. The relative simplicity of this case makes it par-

ticularlv useful for the development of experimental and theoretical

techniques. Moreover, much intrinsically interesting ohysics is

involved in the understanding of such systems.

The information generated by the atzmrz beam scattering experi-

ment is unique in several ways. The low energy and relatively large

mass of the incident atoms assure virtually no penetration into the

bulk, making the experiment almost totally surface sensitive. The

low energy of the atoms (-i0 meV or less in some cases) makes them r.

an excellent orobe of the physisorption regime. Also, since the

incident flux is quite low, it is possible to gain direc- information

about the interaction of a single atom in the presence of a solid sur-

face, as opposed to measurements of thermodynamic variables of

physisorbed films in which atom-atom interactions must be taken into

account.

There are also, however, several impcrtant limitations in the

experiment. The nonzero velocity spread of the incident beam and

ncrneffe:t condition of the sample surface tend to limit the



resolution. There are no limitations in principle on the type of

sample surface used, but in practice only a few surfaces have been used

with much success. Metals, for example, have produced diffraction in

only a few rare cases. Finally, full analysis of the scattering data

with physically realistic theories is extremely difficult, especially

in the case of inelastic scattering. Much has been done recently to

alleviate these problems, but they all remain,at least to some extent.

As mentioned above, the discussion here will be mainly restricted

to elastically scattered rare gas atoms. Some of that work has been

done at relatively high energies (_100 meV), which primarily yield

an estimate of the corrugation for the periodic part of the atom-

surface potential by using semi-classical scattering theory. This

study, however will be concerned mostly with the low energy regime

(-10 meV) where quantum effects predominate. Under these conditions,

many problems of the analysis can be avoided by considering only the

kinematics of the scattering event. This method yields direct informa-

tion on both the form of the attractive well and the strongly repulsive

periodic part of the atom-surface potential.

The major emphasis of the present work is on the interaction of

helium atoms with the basal plane of graphite. An important motiva-

tion for the study of this system is the existence of much data on

the thermodynamics of submonolayer He films adsorbed on graphite.

These have been widely used to explore the physics of two-dimensional

arrays, and it is hoped that the present work will contribute to the

understanding of this body of work.
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II. HISTORICAL REVIEW

A. Early Work

The earliest work on atomic beam scattering from solid surfaces

I
is that of Stern, et al. in 1930. They observed diffracticn of He

and H2 atoms from alkali halide surfaces, thus confirming the de Broglie

wave hypothesis. They also saw anomalous minima in the specular beam

intensity. Lennard-Jones and Devonshire2 hypothesized that these

minima were evidence of the atoms entering into i1ound states of an

attractive well between the atom and surface. They termed this phe-

nomenon "selective adsorption".

The beam used in this work was an "oven beam" with a Maxwell-

Boltzman distribution of velocities. This gave poor resolution. The

vacuum attainable at that time was also poor. Rapid advances in

vacuum technology led to a renewal of interest in beam scattering from

solids in the mid 1960's. Owing to the continued use of thermal beams, 4

however, the resolution obtained by Crews, 3 Fisher and Bledsoe,4 and

O'Keefe et al. 5  was little better than Stern's. These workers all

used alkali halide targets; O'Keefe et al. tried different isotopic

forms ( 3He, D2 ) and heavy rare gases for incident beams.

B. Recent Work

The next major advance was the use of "supersonic nozzles" to

obtain very narrow velocity distributions.6 Using nozzle beams and

ultra-high vacuum techniques, accurate studies of He diffraction from

alkali halides were done by Williams et al.7 and Boato et al.8 H and



0 were scattered from alkali halides in ultra-high vacuum by Wilsch

9
et al., but oven beams had to be used to keep the atomic species

dissociated. These workers all cleaned the surface by heating in

vacuum. Houston, Meyers, and Frankl1 0 obtained a clean surface by

cleaving the alkali halide crystals in situ and studying 4He scatter-

ing from them. Williams et al. and 3oato et al. concentrated mostly

on diffraction work,while Wilsch et al. and Meyers et al. emphasized

study of the bound-state resonances (selective adsorption).

With the advent of these higher quality data, new theoretical

efforts were undertaken. The early work of Cabrera et al. and of

Wolken 12 did not properly include the resonance states and predicted

maxima in the specular beam instead of the experimentally observed

minima. The calculations of Chow and Thompson13 resolved this problem,

predicting specular minima within an elastic scattering framework.

Another problem with older theories was the use of unrealistic model

potentials, e.g.,the Morse potential, which was shown to be incon-

10
sistent with the more accurate data. Pairwise sums and semi-

14
empirical potentials have since been employed, along with simplified

models (e.g.,a hard wall with corrugation and square well) in some of

the scattering calculations.

The most recent theoretical work has attempted to account for the

fine structure seen in atom-surface scattering. Examples of this are

15 16
the work of Weare et al. and Garcia et al. Theoretical accounts

17,18
of the interactions of bound state resonances have also been

attempted. The latter phenomenon has been the subject of recent



experimental investigation also.1 9 Another trend in recent experi-

mental work has been toward a wider diversity of surfaces used as

targets. Cardillo2 0 has seen diffraction of 4He from the (111) sur-
21 22

face of silicon. Work has also been reported on silver, nickel,

and nickel oxide, 2 3 using beams of 4He and H2. The basal plane sur-

face of graphite has been extensively studied by Boato et al.,2 4 by

25 26
Valbusa et al. using H2, D2, H, and D, and by the author. Boato

et al., using beams of 4He atoms with energies of -17 meV and -63 meV,

made a thorough study of the interactions between resonances and a

preliminary measurement of the resonance binding energies, as well

as some diffraction work. The contributions of the author are

discussed in the remainder of the present thesis.
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III. THEORY

A. Introduction

The development of a complete and satisfactory theory for atomic

beam scattering is far from finished. Great strides have been made

in recent years, however. More importantly, a large class of experi-

mnents can be interpreted extremely well using a set of simplifying

assumptions. The latter will first be developed extensively, and

then some attention will be devoted to the former.

A complete scattering theory must, of course, take into account

the presence of inelastic events in the scattering process. At pre-

sent, however, such a theory is virtually nonexistent and, moreover,

has little relevance to most of the experimental work described here-

in. Therefore, we will restrict the discussion to elastic scattering.

The general goal of these theories is to predict the intensities of

the scattered beams. It is possible, however, to obtain much useful

information solely from the kinematics of the scattering event with-

out regard for the actual intensities of the outgoing beams; only

their geometry with respect to the surface, along with that of the

incident beam, need be known.

only a brief summary of theoretical considerations is given here

since the author has not made a significant contribution in this

area. The main purpose of this chapter is to clarify the interpreta-

tion of the data. In Sections B and C,the kinematical point of view,

first developed by Lennard-Jones and Devonshire, 2is discussed. In

Section D,a brief examination of several recent dynamical theories is

presented.
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B. Kinematics of the Scattering Process

The incident atom is well modelled as a free particle character-

ized by a kinetic energy, Eb. This is essentially a plane wave of

wave vector Ik = , and the incident wave vector can be decomposed

into components parallel and perpendicular to the sample surface:

k. = K + k z (la)3. z

and

K = k + k y (lb)x y

The z-axis, of course, is the surface normal, while the can be chosen

to be parallel to some crystal symmetry axis in the surface lattice.

The two-dimensional reciprocal lattice of the crystal surface can

be obtained via the usual techniques from the corresponding two-

dimensional real-space lattice of the surface. Vectors in this space

are denoted as

mn = mg1 + ng, 
(2)

where g and g2 are the fundamental vectors of the surface reciprocal

lattice.

In order to satisfy conservation of crystal momentum in the

scattering event, the two-dimensional Bragg condition

Kf = Ki + G (3)f 1. m,n

must be satisfied for the final and initial wave vector components

parallel to the surface. Conservation of energy can be ensured by



requiring that

- I i = Ei = Ef = E(Kj) + Ezf (4)

for the final and incident. Note that these conditions are only valia

for the case of elastic scattering.

Combining Equations O)and(4)and approximating the atoms trans-

lational motion as a free particle yields a condition for an elastic

scattering event to occur; namely,

I i m,n zf (5)

If k is positive,there will be an outgoing scattered beam; this iszf

simply the case of diffraction from a two-dimensional lattice. If

k 2  is negative, there will be no diffracted beams allowed. There is
zf

a physical situation, however, which corresponds to negative k2

zf"

Van der Waals forces give rise to a weak attractive potential

between the gas atom and the surface, leading to a discrete set of
2

bound states with energy E. 2 . When k2 is equal to one of
j 2m ~j Zf

the E., the incident atom is in resonance with a bound state and under-

27
goes a so-called "selective adsorption" transition. The selec-

tively adsorbed atom is in a one-dimensional bound state with respect

to the z-axis and translates across the surface in a Bloch state.

Its translational motion can be approximated as a free particle, in

I t z 2 I h s
which case its translational energy is simply T- Kf. In this

f

approximation, then, the selective adsorption condition becomes
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+ 2 22+ 6
I. m,n i. j i.

centered at -G and having a radius of (k + jE ) 1/ 2

Notice that the E. are the eigenvalues of a one-dimensional

Schroedinger equation employing the laterally averaged atom-surface

potential Hamiltonian. Thus, much information about the nature

of this potential can be extracted from measurements of the E . . These

in turn can be calculated from Equation (6) if the magnitude of the

incident wave vector and its orientation relative to the surface are

known when a selective adsorption occurs. The effects of selective

adsorption on the scattered intensity will be discussed in Section

II.D. The reliability of the approximation leading to Equation (6)

will be assessed in the following section.

C. Band Structure of Adsorbed Atoms

The potential energy of an atom in the presence of a solid surface

can be written as a Fourier expansion in the surface reciprocal lattice

vectors:

V(r) = VO(z) + I Va wze i '  (7)

The V0 (z) term is the laterally averaged potential and the summation

of higher-order terms constitutes the two-dimensional periodicity of

the surface, i.e.,the corrugation. The free-atom approximation made

in the preceding section consists essentially of retaining only the

= 0 term of the expansicn. The approximation may be refined by
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including the higher-order terms as a perturbation or by including

them in dynamical scattering calculation. Using the latter technique,

Chow and Thompson 1 7 predicted the effects of higher-order terms. If

circles predicted by Equation (6) for two different states [labelled by

(m,n) and j] cross in K - K space,there will be a degeneracy of thex y

two states there. The periodic part of the potential acts to lift the

degeneracy, giving rise to a band splitting. This is observed in the

scattering data as a splitting of the selective adsorption features

instead of their merging into a single feature.

The magnitude of the splitting depends, of course, on the Fourier

component which admixes the states as well as their energy quantum

numbers. Standard second-order perturbation theory 28 yields the

result that the magnitude of the splitting is equal to 2 <jV- _-'Ij'>,
G G

the matrix element which connects the two states. In many cases,this

matrix element is too small to produce an observable splitting and the

levels appear to cross. A more sophisticated band-structure calcula-

tion has been done by Carlos 29 for He/graphite,and it was found that

the perturbation theory results are generally quite good. Although

there are still small deviations in regions far from crossings, the

behavior there is quite close to free-atom-like.

The foregoing discussion has several implications for the

experiments. In order to accurately measure the binding energies EJ

of the physisorbed atoms, the data must be taken far from any split-

tings,which render Equation i6) incorrect. If, however, data is taken

extensively throughout a splitting, the matrix element for that case

I _ ,I F, i 
'

V.



can be calculated. Thus, information can be obtained concerning the

periodic part of the potential as well as V0 (z), which can be recon-

structed from the E..

D. Dynamical Scattering Theories

There are many problems inherent in the prediction of actual

intensities of scattered beams as a function of incident geometry and

energy. Some of these are experimental, such as the imperfection of

the surface and distribution of energies in the incident beam. A

major theoretical problem is the inability to handle inelastic

scattering, which is often quite important. Other problems are the

severity of the approximations necessary to make the calculations

tractable and nonuniqueness of the models which provide good fits

to the data.

Despite these problems, much progress has been made in recent

years. The semiclassical approaches will not be dealt with here

since they are not very relevant to the energy regime of interest. A
30

good review of these methods is given by Goodman. Two of the more

fruitful techniques undertaken recently will be discussed.

13,17
The method of Chow and Thompson is to expand the atomic wave

function in surface reciprocal lattice vectors and insert it into the

Schroedinger equation along with Equation (7). This yields a set of

coupled differential equations:

f]+ k I(z) - - (z)C-,(z) =0-z Gh V(
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which are numerically integrated. Of this infinite set of equations,

some set N must be chosen for the computation, corresponding to the

N diffraction channels (i.e.,G vectors) which are important in the

scattering process. It was discovered that certain closed channels

(k-,<O) must be included as well as open channels. when this was done

properly,the theory predicted intensity minima for the selective

adsorption features in the specular beam, in agreement with the

experimental results. This was found to be the case for several

different model ootentials.

A Green's function formalism was more recently employed by Weare

15et al. to predict the lineshapes of the resonance features. They

write the scattering equation in integral form:

+ G V '
K =' d p K(9

where Ix-> is an eigenfunction of the unperturbed Hamiltonian. V is

the periodic part of the potential ( given by the summation in Equation

(7) ],and Gd is a representation of Green's operator. This method leads

to singularities at the resonance energies. These are eliminated by

means of projection operators. Approximate expansions and numerical

techniques are then used to solve the scattering problem in detail.

The major qualitative results of this method are readily summa-

rized. Concerning the lineshape of the selective adsorption feature,

a minimum in specular intensity is expected if the resonant state

is strongly coupled to both the incident beam and an open diffraction

channel. Otherwise,a maximum in intensity is expected to be the
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dominant feature. Another interesting prediction concerns resonances

which are not observable due to weak coupling or high energy quantum

number. Such a state could become observable by "borrowing" intensity

from a more prominent resonance to which it is strongly coupled by a

low-order Fourier component. This would happen near crossings, as

discussed in Section III.C.

A set of rules to predict the lineshape of the specular intensity

16
at resonance has also been derived by Garcia et al. using a corru-

gated hard-wall with an attractive well as a model potential. These

calculations employ an exact scattering formalism and yield results

similar to those of Weare et al., although the rules are stated in

different terms. This method can also be used to treat the mixinq of

resonances. The predictions of these theories are compared with

experiment in Chapters V and VI after the experimental results have

been presented.
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IV. APPARATUS

The major components of the atomic beam apparatus were constructed
31 32

by D. E. Houston 3 1 and J. E. Meyers. A description of the essential

parts of the apparatus is given in Sections A and B. The author also

made several contributions to and modifications of the eauiment.

In Section A, the investication of beam instability and the brief men-

tion of low-temperature nozzle cooling belong in this category. In

Section B, the modifications to the sample holder are the major example.

The work described in Sections C, D, E, and F was done in whole

or in part by the author. In Section C,the problems of apparatus

alignment are considered. Section D describes the auxiliary system

devised in order to perform 3He scattering experiments. The equip-

nent and techniques needed for cryogenic cooling of the nozzle are

discussed in Section E, while Section F presents a brief account of

the electron optics and its uses.

A. Beam Formation

The first step in the formation of the atomic beam is expansion of

the source gas through a nozzle into vacuum. The nozzles used in this

work are electron microscope apertures (platinum or molybdenum),

typically about 10 microns in diameter. The second part of ti.i beam

source is an electroformed copper cone ("skimmer") with an orifice

of about 0.2 mm diameter facing the nozzle as shown in Figure 1. The

skimmer can be moved laterally for alignment purposes.
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The details of supersonic beam formation have been discussed at

6,27
lP.Agth elsewhere, and only the more important properties of nozzle

beams will be summarized here. The motion of the gas atoms becomes

more directed along the axis of the nozzle aperture with the skimmer

eliminating most of the remaining gas. The gas temperature decreases

greatly during the expansion, but the average kinetic energy of the

atoms comprising the beam is deter.ined by the temperature of the gas

behind the nozzle. The distribution of velocities is much narrower

than a Maxwellian distribution characterized by the temperature of the

gas behind the nozzle. The details of the velocity distribution

depend on the source pressure, nozzle diameter, and nozzle tempera-

33
ture.

In general, the distribution narrows with increasing pressure

and diameter. With the nozzle cooled by liquid nitrogen, typical

source pressures (-6 atm) yield velocity distributions of v <2%v

FciM. At a nozzle temperature of 20K, typical source pressures are

1v
lower (-1 - atm) and the distribution is a little broader -2 4i

2

FWMj. The upper limit of the source pressure is essentially deter-

mined by the pumping speed in the first stage, because if the pressure

there becomes too high, the beam intensity attenuates rapidly.

The skimmer separates the first stage from the second stace

(see Figure 2). The second stage houses the mechanical chopper.

The beam is chopped at 240 Hz, while a light and photo cell provide

a reference signal to a lock-in amplifier. This allows extraction

of the beam signal from the background noise, whiich ma.Y be several

orders of magnitude larger.
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The third stage is a velocity selector consisting of five rotating

slotted disks. 2 34  This is needed only for measuring the velocity

since the velocity distribution is very narrow. During the scattering

experiments, the selector is lifted out of the beam. When measuring

t he velocity, the selector is run in both directions and an average

taken to compensate for small misalignments in the rotation axis.

The fourth stage is a buffer for the ultrahigh vacuum in the

scattering chamber. Separating them is a collimating pinhole which

is the defining aperture for the beam incident on the sample. The

long distance traveled by the beam (z90 cm) and the narrowness of the

pinhole (zO.3 mm) result in a highly collimated beam (AI < 10- 3 rad).

The major problem with the beam formation system has been the

occurrence of momentary pressure bursts, especially in stage two.

These result in anomalous droos in the beam intensity. The problem

has been partially alleviated by installing a larger second stage

diffusion pump, regulating the cooling water flows to all the diffu-

35
sion pumps, and avoiding contaminated 0-rings. The problem still

exists to some extent, however. Small pressure fluctuations also

cause some noise in the beam intensity.

B. Scattering Chamber

The beam formation system is connected to the scattering chamber

by a flexible bronze bellows to allow positioning of the beam. The

chamber is pumped by a turbo-molecular pump backed by a small diffusion
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pump to aid in pumping light gases. A ti.tanium sublimation pump is

also used, although it is not needed to maintain the ultimate pres-

sure once it has been realized. The system is baked at -100 0C and

"his yields a nominal pressure of z3 x 10-1 torr. The titanium

sublimation pump is mounted in a Tee equipped with a jacket which is

cooled with liquid nitrogen to condense contaminants whenever the

sample surface is cooled. As shown in Figure 3, the scattering chamber

has a number of corts for the beam, sample manipulators, windows, and

electron optics. These ports are knife-edge flanges sealed by copper

gaskets. A large flange on top has a rotary feed-through for the

detector and a port for the ionization gauge. The bottom flange has

a rotary feed-through for the sample holder motion, electrical feed-

throughs, and a sealed liquid nitrogen inlet.

The sample holder is constructed so as to allow rotation of the

sample about two mutually perpendicular axes, as shown in Figure 4.

The holder is mounted on a rigid shaft which extends to outside of

the chamber. Three teflon rings divide the feed-through area into

two differentially pumped regions. Thus, the polar angle can be

read directly on a vernier scale mounted on the outside. Changes in

angle can be measured to a resolution of 0.1', but absolute ang.ie

measurements are more difficult (see Section IV.C.). A mechanical

rotary feed-through drives a chain and sprocket to rotate the bearing

mounted inner section of the sample holder. This arrancement has a

good deal more backlash, but the azimuthal angle scale is mounted

directly on the holder and read through a window to insure accuracy.
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2

Figure 4. Sample holder geometry, showing incident beam direction
(1), polar angle rotation (2), and azimuthal angle rota-
tion (3).
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It is often necessary to heat or cool the sample. Liquid nitro-

gen coolant is fed from outside through flexible bellows-type copper

tubing into a copper reservoir block. This block is then maintained

in good thermal contact with the sample holding mechanism. In work

with the alkali halides, a rather massive sample holder is needed for

cleaving in vacuum. Thermal contact is made in this case by sliding

copper plates. The sample could be heated to -450 K by a tantalum

wire resistive heater encased in ceramic tubing.

For work with graphite sampies, the large mass is not needed, even

for the vacuum cleaved surfaces (see Section V.3.). Also, it is more

common to heat the sample to high temperatures (-700 K) to clean the

surface, a technique which requires low mass and good thermal isolation.

This was accomplished by attaching a lightweight copper sample mount

to a copper shaft which is held in suspension by eight thin stainless

steel screws. Embedded in the sample mount is a Spectra-mat 36heater.

Thermal contact with the liquid nitrogen reservoir is made via a flex-

ible copper braid; inserted between the braid and the shaft is a

ber,llia tab which conducts well at low temperatures for coolirng and

insulates at high temperatures for thermal isolation. The sample can

be cooled to -100 K and heated to -700 K as measured by a chromel-

alumel thermocouple mounted on the shaft.

A later refinement was the replacement of the eight thin mounting

screws by three screws through a front, spring-loaded rocker plate.

This arrangement, shown in Figure 5, allows the alignment of the

azimuthal axis perpendicular to the polar axis and the beam. Align-

ment is discussed further in the following section.
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The detector is mounted on a rigid shaft with a feed-throuch

similar to the one on the sample holder. The detector swings along

an arc with =50 mm radius, and it has a vertical travel of -5 cm

achieved by running the shaft through a flexible sealed bellows.

This allows the detector height to be adjusted for optimum beam

intensity and makes possible work with out-of-plane diffracted beams.

The angle scale of the detector is mounted outside the vacuum and

can be read to 0.1" (see Section IV.C.); changes in detector height

can be measured to 0.01 mm.

The detector is a quadrupole mass spectrometer tuned to the mass

of the incident atom (4He or 3,e). The beam enters the ionizer box

through a narrow (-0.8 mm x 3 mm) aperture. The ionized He atoms are

selected out by the quadrupole filter and detected by an electron

multiplier. The signal from the electron multiplier is fed via a

current-sensitive preamplifier to the input of a lock-in amplifier

provided with the chopper reference signal. The output of the lock-

in amplifier is proportional to the intensity of the beam, but it is

not calibrated to an actual flux since the intensities of the scat-

tered beams can be normalized to incident intensity. Furthermore,

many interesting phenomena depend only on relative changes in the

scattered intensities.

C. Alicnment

Although the zoniometers of the sample and detectcr can be read

to accuracies of -. 10, true angle readincs of this accuracy can only
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be performed if the apparatus is properly aligned. Ideally, the fol-

lowing conditions should exist: The polar angle rotation axis and the

detector rotation axis should be collinear. They should also be

perpendicular to the beam and cross it at some point. The azimuthal

axis should cross through the same point and be perpendicular to both

the beam and the other axes when = 0O. Finally, also when =',

the surface should lie on the plane defined b-y the beam and the polar

axis with its normal collinear to the azimuthal axis.

In practice, none of these conditions can be met perfectly.

extreme care is taken in leveling and positioning the bear (using

finely threaded screws), aligning the axes (done optically,uslng

shims and the rocker plate described above), and positioning the

sample, the misalignments can be reduced to about -I' in the angles

and -0.1 mm in the distances. The actual situation, however, is

worse than this implies because the cry'stal surfaces are not flat

planes but rather sets of .isaligned facets.

The solution to this latter problem depends on the nature of :he i

sample surface being studied, graphite bein g tne most ntracta.

Therefore, these cases will be discussed individually in Section

In each case, minimizing the misalignments described here is pre-

requisite to obtaining accurate results. A detailed exposition _f

the effects of misalignments and techniques chsen to ceai wih tem

is given in the Appendix.
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D. 3He Recirculation System

Most of the gas coming through the nozzle is retained in the first

stage by the skimmer and pumped away. In the case of 4He, the source

gas is provided by a high-pressure cylinder of research grade (99.9995%

pure) helium and the waste gas is simply vented to the atmosphere

through the first stage forepump. This method cannot be employed for

3He due to its high cost. Instead, a system was constructed to recir-

culate the used gas (except the small amount which goes through the

6kimner). The :as is pumped into a resertolr for storage 2 n not in

Use.

A schematic representation of this system is shown in Figure 6.

The vent of the forepump is sealed from atmoschere with a valve, and

the exhaust zases are fed through a zeolite trao inc..ersed in lizuid

nitrogen. The IHe is then further purified by a Randex 3 7 inert zas

purif:.er ccnsisting of a t-tanium "sponge heated to 1100 K inside

a quartz tune. The -ure zas is then pressurized by a sealed refrigera-

tor compressor cacable of producing a source pressure of -8 atm. The

earlier alkali halide work was done with a sealed dia-nragm 3S ccmcressZr

that only produced -4 atm with the amount of 3He available. The

pressurized :as, of course, is fed to the nozzle completinc the c'ycle.

This recirzulation system is interfaced with the 'He scurze and

the U-e storice czilinders y syste-s of valves and put.Ps. '.;ich th*e

Val;e sezarat'ino the zccmPresscr from the nozzle :zIDed, the He 

e,/a:;at2,d fr-o- the volume behind the nozzle. The .a1-.. to the
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source is then closed and the valve to high-Pressure output of the com-

pressor opened. The pressure is regulated by a precision feedback

valve between the compressor's output and input sides. When the run

is completed, this valve is opened completely and the 3He is pumped

out by a sealed mechanical pump with its vent connected to the storace

cylinders. By manipulating the valves shown in Figure 6, the same

pump is used to transfer the 3He from the storage volume into the

recirculation system. Finally, a mercury-filled glass Toepler pump
V

is used to transfer the 3,e from the rather large volume at the vent

of the mechanical pump to either the storage cylinders or recirculation

system.

Great care must be taken to insure that no leakage of He occurs.

All devices are sealed and leak-tested, the valves are bellows sealed,

39and plu.-bing connections are either brazed or swagelocked. The loss

rate of the 3He is known empirically to be -0.031 1-atm/hr, but it L
is not known how much of this goes through the skimrer. The maximum

pressure generated by the compressor is a limiting factor in achieving V
a narrow velocity distribution. This is particularly a problem with

-ge since it has a naturally broader distribution than 4He.40 The

velocitv distribution characteristic of this system is z 51 FWHM
v

for 3He at 77 K.

E. Low Energy Beam Production

The temperature of the cas at the nozzle essentially. determines

tne averae kinetnc ener;y of atoms in the beam. Production of a very

w-ener , lonc-wavelen-:th beam is therefore deoenden cn coolinz the



nozzl'e to very low temperatures. This is acccmplishred by c:OGLng it

with- liquid h-elium. The nroblems of beam intensity and stability tmen

need to be overcome.

The arrangement for cooling the nozzle is schematically, illustra-

ted in 'Figure 7. It is an adaptation of a "Heli-Tran"1 refricerator

and is similar to the design of Skofronick and Pope. 42Licuid helium

in the dewar is pressurized and a slow, steady stream forced to tine

tipD while a cortion of the cold gas is fed back through an outer
r.

jacket for cryogenic shieldzing. The line is also vacuum-iacketed for

imnproved efficiency and is rated for 0.75 1/hr averace licuid helium

consumption; the -consu:mp.tion rate in this aprlicatior. is ty::ically

2 1/hr, probably d-ue to the hiob therma.l load of the warm H-e sorc

gas.V

The nozzle mount screws onto a copper "noseniece" which in turn

screws into tne end of the "cold fincer." The'; are bchsealed withn

indium gaskets to cromote good thermal contact. The source gas inlet,

thnercmccouple wires, and heater wire are coile~d around the cold fincer.

The heater originally supplied by the manufacturer was self-contained

and attach- ed to tne tic of the cold finger. This did not regulate

well and burned out freaientlv. A new heater wound direct>; onto the

nosepiece is now installed, and wcr~s very well.

The h-eater cower is regulited b.: a fe edb-ack circ.uit usinc the tip

thermocouple sicrnal to maintain a const.ant temcerature. The earl

problems with this method (probably poor thermal contact of th-e heater)

rorced uis tc- r. sort tco tmceraLture :control imlbrequlatinc the
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flow of liquid helium until the desired steady-state temperature is

attained. This method worked fairly well but was susceptible to

long-term temperature drifts. The most recent data were taken using

the heater controller, which provides both short-term and long-term

temperature stability quite well.

The lowest nozzle temperature attainable with this arrangement

is zlO K. A reasonably intense beam can be obtained only if the

source pressure is less than 1 atm. The nozzle also tends to clog

readily, probably due to condensation in the aperture. A stable and

intense beam is roduced at 20 K with source pressures of -l 1
2 atm.

The velocity distribution under these conditions is z2 FWH:1,

only slightly poorer than the 77 K beam.

F. Electron Optics

The purpose of the electron optics in this system is primarily

surface characterization rather than detailed studies. It has been

used in the Auger mode to check the state of surface cleanliness and

in the LEED mode to ascertain the directions of the surface lattice

symmetry axes. A brief description of it will be given here.

The electron optics head is a PHI 4 3 Model 10-120. It consists

of an electron gun, four hemisp3herical grids, and phosphor-coated

collector. It is mounted on a bellows so that it can be moved in

close to the sample to work on it and moved out of the way when not

in use. The electron beam is at richt ancles to the atomic beam.
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In the LEED mode, the head is controlled by a PHI 4 3 Model 11-020

electronics system. The electron beam energy is variable and the

hemispherical grid system discriminates against inelastically scattered

electrons. In the Auger mode, the beam energy is fixed at 3 keV. The

hemispherical grids are used as a variable energy analyzer. A PHI4 3

Model 11-500 Auger System Control sweeps the retarding potential

through the desired values. An ac modulation is superimposed on this

potential for lock-in detection. Actually, the lock-in monitors twice

the modulation frequency in order to take the derivative of the elec-

tron energy distribution and remove the background.

IOW
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V. EXPERIMENTAL RESULTS

A. Alkali Halides

The alkali halide (001) surface has been studied ver'j extensively

8 0,4by atomic beam scattering. Boato et al. made a thorough study of He

10,32 44diffraction from LiF. Meyers and Liva measured the binding

energies of 4He on LiF and NaF, respectively, using the vacuum cleaving

10,31
technique pioneered by Houston. Liva also experimentally con-

firmed4 5 some of the theoretical scattering predictions of Chow and

13
Thompson. The author's work on the alkali halides consists in part

of ar extension of that work, employing many of the same methods (e.g.,

cleaving in situ). More accurate binding energies were measured for

He on LiF and NaF, and similar measurements were made for He on LiF

and NaF, which had not been done before. This work is summarized

in Section A.I. The band-structure of 4He on NaF 4 7 was verified and

matrix elements of some higher Fourier components of the 4He/LiF atom-

surface potential1 9 were measured. A review of this work is presented

in Section A.2. Data were taken to test the more recent scattering

48
theories for both elastic scattering and surface temperature

49
dependence. These studies are summarized in Section A.3.

The work was done on LiF and NaF crystals cleaved in vacuum. The

surfaces contaminate over a period of several days, and then another

cleave is made. Some of the data were taken with the surface cooled

to -100 K, but this does not make a dramatic difference in tne

scattering results.
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The surface structure of the alkali halide (001) plane is shown

in Figure 8, along with the conventions being used to identify the

coordinate axes. The rather corrugated surface yields strong, sharp

diffracted beams. The samples were bars about 5 mm × 5 mm x 50 mm

50
obtained from Harshaw Chemical Co. To promote cleavability, some

of the material was hardened by y irradiation and some was supplied

doped with OH impurities ("X-ray grade").

1. Binding energies

As was discussed above, selective adsorption transitions can be

observed as anomalies in the specular beam intensity. These anomalies

are generally minima, an example of which is shown in Figure 9. The

positions of these features can be used along with Equatior. (6) to

determine the binding energies E, of the atoms physiosorbed on the

surfaces. In order to determine more information about the same inter-

action potential, two isotopes of helium were used.

In the case of LiF, four bound-state energies were measured for

4He and two for 3He. Three energy levels were resolved for 41e on

NaF and two for 3He. Several other weak minima were observed, but

they could not be resolved well enough to calculate energy values.

10,44 - L
Preliminary results had been obtained previously for He adsorp-

tion, as mentioned above.

Data for each energy level were generally taken on several cleaved

surfaces. Readings were also taken with a varietv of incident geo-

metries. These are sur.narized in the form of plots in K -K space
x y

for all four systems studied in Figures 10-13. -lost of the data



36

I 'I " I ' I I J "

He (1.1 A) I Li F

) 100

C

MOWz

48 50 52 540

Figure 9. Typical specular intensity data for He on alkali halides,

showing selective adsorrption minima.
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were taken for t'-e transition, with a few points for G , because

these are the shortest reciprocal lattice vectors and therefore yield

the strongest selective adsorption features. Care was taken to avoid

collecting data for transitions which are strongly influenced by band-

The average val'ues obtained for the binding energies of 4He/NaF

and liei'NaF are suzrarized in Table 1. Also shown are the standard

deviations and the nun.,-ber of determindtions that were averaged. Irn
- Vi

Table 2, the sane infor.,a-con for "He/La- and 3 He/LiF is listed. The

standard devoacns in Tables I and 2 can be compared to the estimated

certainc in the energy results. The latter quantity is calculated

as -he rms value of the individual errors caused by uncertainty in

the easureme s of nd, a k. These cuantities are taken to be

.= . = and _k = $.23 A-, resultinz in IE 0. 08 meV for the

cases of interest. This is :omara'-Le to the standard deviations

found an the data. Use of this ca-_a to determine details of the inter-

action between heli:m atoms and alkali halide surfaces is discussea

in Section VI.A.

A . faa word should be sa- oi 2 te zeroinu procedures used for

c and :. For -, the gcniometer is zeroed relative to the svmetr-

d _tans of the acimuthal reflectocn Eatterns. i as initial! -,

zerced rela-:-e to the sa2-ie hoier face, but the cleaved cry.stal

i3 flat narallel t tis face due to

tt:%...... rre ted. or by takanu data in four crvstallo-

;rs-:§~:e 'i,:uI nt 2 raencta t~s secaracec b:" '0 a n azimuth.
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Table I. Energy ei:envaiues for He/NaF K

Std. dev. No. of:
o (meV) detns.

He0 -4.92 0.05 7
He 1 -1. 87 0.02 6

iHe 2 -0.54 0.05 8

3He 0 -4.50 0.06 9

He 1 -1.38 0.1 9

Table 2. Energy eigenvalues for He/LiF

S t. dcv No. Of
Isotope E(me V) Sd e: o f

( meV) der-ns.

.He 0 -5.90 0.06 3

He 1 -2.46 0.05 4

He 2 -0.-S 0.04 4 v[
He 3 -0.21 0.02 4

3He 0 -5.59 0.08 5 I.

3He 1 -. 00 0.36 4
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The average colar angle of the four minima is then used to calculate

E .

2. Matrix elements

While the binding energies contribute Information about the

laterally averaged atom-surface rotential, the tell nothing about

the periodic cart, i.e., the G 0 terms in _-.: at. . ln ) The -eriodic

cart of the potential can be probed by the measurement of diffracted

beam intensities or by determininz matrix elements of the higher

Fourier components. The many experimental and theoretical difficul-

ties of the former method make the latter seem more attractive. The

first observation of such band-structure effects was made by the author

47
and co-workers for 'He scattering from :aF. 2uan-itative results

are cresented here for .-.e scatoerinc from the (00I) surface of Li-.

Figure 14 shows an example of the sort of data taken in these

exceriments. The two orominent maxima in the figure are selective

adsorption signatures for the j 0 = resonance hereafter F.

designated 0(i,0) by convention' and the 0(1,1) resonance. The snecu-

lar intensity is measured as a function of polar angle for several

values of the azimuth. Notice that the two maxima approach each other

but remain always at least one degree apart in ). This angular separa-

t. orresmonds _3 the band -ap discussed in Section _- .C. Ficure

15 is a =jot of these resonance ':ci in .-K space, demonstratin:- x

explicit'-y the deviations cf t" e dat_ from thle ceoereracv at toe

crossino of the :re-matom :urves. Moinal -olar angles in this data

have -een shftc v:; -e. to comlensate f:r e ttinO y fi ttlnc

them to toe frae-s tom e' ..;a1 es far from tine :rgssinc.
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The 0(1,0) and 0(1,I) resonances are strongly coupled by the

V (z) Fourier component. The magnitude of the splitting can be used3,1

to calculate the matrix element <0iV 10>. The result of this calcula-0,1

tion, done in collaboration with W. Carlos 9 '29 is presented in Table

3. Also shown there are the experimental matrix elements for all cases

which were seen to give rise to observable splittings. Detailed data

for these matrix elements have been presented elsewhere.1 9 These

matrix element values have some interesting implications for theoreti-

cal cairwise sum calculations. This is discussed more fully in Secticn

VI.A.

3. Comparison with scattering theories

it was pointed out in Section III.D that the calculations of

Weare et al. 1s and Garcia al.,16 done within an elastic scattering

framework, predict both minima and maxima in the specular intensity.

MAnima are predicted if the resonance state is coupled stronaly to

both the incident beam and an open diffraction channel, while maxima

are expected for weak coupling. This was tested for 4He scattering

frcm the (001) surface of Lil'. Figure 16 is a scan of specular inten-

sity as a function of azimuthal angle at e = 70o (nominal readina).

The selective adsorption features seen in the data are in quite good

agreement with the theoretical predictions, the strongly coupled C,1)

states being the deep minima.

The status of inelastic scatterina theory is on a less firm basis.

The effects of the surface temperature in reducing elastic scattering
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Table 3. 4He/LiF matrix elements in meV

<01v 0 ,10> 0.25 : 0.05

<iJv 0 1> 0.20 : 0.10

<01V110> 0.10 t 0.05

<llV11 1 > <0.05

intensity, for example, is subject to much debate. The standard methods

employ a Debye-Waller factor
5 1 to account for these losses. Beeby 52

claims that the momentum transfer must be modified by the acceleration

due to the attractive well, while Goodman5 3 doubts that the Debye-

Waller relation is well established for gas-surface scattering.

To examine these questions, a study; of 4He scattering from the

(001) surface of NaF as a function of surface temperature was under-

taken. The major results are summarized in Figure 17, which is a plot

of the logarithm of the ratio of intensities at two surface temperatures

versus cos 2 a. This plot should be linear in the context of the Debye-

Waller formalism since

-< (u. ,) 2>
I(T) = I R  e , 0)

where iR is the intensity due to a rigid lattice, u is the atomic dis-

placement, and 1 k is the momentum transfer which equals 2k cosd in

macnitude for the specular beam. It is clear that such a linear rela-

tion does not hold for the data in Figure 17 and that a mere sog.ati-

cated model is needed to account for the effects of surface vibrations

Mem



49

o I I

0 "

1 I o

- I 1-4
04

00

0 o

0

-4 -

00

00

-I I II_

SL

o 1.9
o f4

-- (° l °°') Ul£ !

_co '1 ! .'0



50

in gas-surface scattering. If the linear portion of the curve (roughly

>45) is interpreted as being a good approximation to Debye-Waller

theory, then a surface Debye temperature of 8 = 411 K is calculated.

From intensity versus surface temperature data at fixed angle (4E45"),

a value 425 z 20 K is obtained. The two values agree rather well,7!
and also compare well with the value of Williams et al. 7 (eD = 416 K)

for He/NaF.

B. Graphite

Helium on the graphite basal plane is an extremely interestino

system to study. As mentioned in Chapter I, this system has been used

to carry out detailed thermodynamic studies of physisorbed films caining

54information on phase transitions in two dimensions. Graphite has a

layer structure involving weak Van der WaaTs interlayer forces. This

layer structure allows preparation of samples having large surface area

(by means of exfoliation) for use in adsorption and phase transition

studies. The saturated covalent bonding within the layers renders the

graphite basal phases chemically quite non-reactive, a desirable

property experimentally since it retards surface contamination. The

crystallographic structure of the basal plane is shown in Ficure 1S,

alono with the six lowest-order reciprocal lattice vectors. The

hexaconal symmetry of the surface mesh is apparent, and the lahelling

conventions used herein (Fefe 24 uses a Jfferent

are shown there. A furthe r convention Is to choose = 0 along the

(1,1, reciprocal lattice vect r. -n otffiaticns :or farplcxng

grapnite in scattering exzerinents are its theoreti:al interest and

p l u56! possible technological uses, e.g. as a substrate for catalysts.
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Fiq4ure 13. The qraphite basal plane str,.;czure, shcwin,,-
and --he ~i-rrr.ecirocal lattice voct.
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Although many workers have used graphite for physisorption studies,

employing a variety of research techniques, 5 7 only Boato et al. besides

ourselves have used helium beam scattering for this purpose. They used

a 63 meV incident beam to study the surface corrugation by means of

diffraction intensities. They also used a 17.3 meV beam to measure

the binding energies 59 and matrix elements24 of 4He on graphite.

The remainder of this section presents the results of the author's

study of helium scattering from graphite. In the first subsection,

methods of surface preparation and their effect on the scattering

results are discussed. Results for the binding energies of 4He and 3He

on graphite,2 6 done at 17.3 meV incident energy, are summari.zed in the

next subsection. In Subsection 3, some interesting phenomena associated

with level crossings are examined, at both 17.3 meV and 4.7 meV incident

beam energies. In the final subsection, experimental evidence for in-

elastic scattering processes is presented, primarily at 4.7 meV incident

energy and lower.

1. Sample preparation

Samples for use in atomic beam scattering must be natural single

60crystals. Grafoil, which is an exfoliated form of graphite much used

in thermodynamic work, is not suitable for use in beam scattering due

to its crystallographic disorder. The same is true even of the pyro-

lytic graphites, which are highly ordered with respect to the z-axis

orientation but completely disordered around it. The natural crystals

used In this work are flakes about 4 = < 4 mm < 0.1 mm in ize. The'.

do not exhibit a single flat crystal plane but rather a mosaic of

A
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facets demarcated by fault lines. These facets are aligned well in

azimuthal angle but not in polar angle. The largest facets are of order

1 mm' in area.

The crystals in their natural state are embedded in a matrix of

calcite and silica. A quantity of this material, found in Ticonderoga

(New York State) by Dr. T. S. Noggle of Oak Ridge National Laboratory,

was kindly sent to us. The graphite is extracted by attacking the

matrix first with hydrochloric and then with hydrofluoric acid. Drs.

G. Wagoner and M. B. Dowell of Union Carbide Corporation and Dr. G.

Felcher of Argonne National Laboratory have also sent us Ticonderoga

graphite flakes, already extracted, that were used in this work.

61
The flakes are first cemented with "Vacseal' onto copper mounts

that fit into the sample holder. One of two methods for cleaning the

surface are then employed. Most of the data were taken using surfaces

which were cleaned by heat treatment. The sample is cleaved in room

air by peeling off graphite layers with adhesive tape. Several cleaves

may be made until a surface with relatively large and well-aligned K
facets is obtained. It is then installed in the scattering chamber and

the system is pumped down and baked. The sample is heated to about

700 K for several hours concurrent with the end of the bake. The heat-

ing occasionally had to be carried out twice before a strong specular

reflection was seen.

The second method of surface preparation is cleaving the crystal

in vacuum. This is done by affixing a thin cover glass to the mcunted

sample with epoxy. After the ultra-high vacuum is at~ained, t.he class



is detached along with a layer of graphite by use of a manipulator. The

scattered intensities, linewidths, and energy levels are essentially 'he

same for both methods of surface cleaning. The scattered intensities

are comparable to those seen using alkali halides, but only if the gra-

phite surface is cooled to -100 K. Cooling gives rise to a dramatic

increase in elastic scattering from graphite, as opposed to the alkali

halides, and all work described herein was done on a cold surface. The

resonance linewidths are only slightly greater for graphite than for

alkali halide scattering. Unlike the alkali halides, however, the .A
intensities and linewidths were both stable with time for grachite 1.

using either surface cleaning technique.

A major disadvantage of cleaving in situ is that only one cleave

can be made. Thus, no improvement is possible (without opening the

chamber) if the facets are small or badly misaligned. The misalign- 6

ment of the facets in polar angle is, in fact, a problem even for

relatively good surfaces. The magnitude of the misalignment is

assessed by reflecting laser light frcm the surface. This produces

an irregular pattern of reflected light of varying size depending F,
on the quality of the sample. The best samples produce a Pattern

subtending a solid angle of about 10- sr, while the worst are about

l0- 2 sr. For comparison, a polished copper sample mounting plug ives

about 10- ' sr. Thus it is evident that even the best cr':'itals are far

from optically flat. The individual facets, however, are flat and it

is only necessary that a single facet be larger than the beam * i

projection on the surface. it is also necessary, of :ourse, th.at tlec
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beam be aimed properly to impinge on the large facet. This is accon-

plished by adjusting the height and lateral position of the heam 'n-i

a single, strong specular peak is observed. An example is shown in

Figure 19, obtained by scanning the detector through the specular beam

wit:: fixed incidence angles.

Since the zhosen facet is not necessarily parallel to the sample

holder, there is still the problem of zeroing the polar angle. The

method described in Section V.A.l is not feasible because the rotation

involved would usually move the chosen facet out of the beam. The

az-muthal zero, however, is determined ..fo ranphin e in the same manner

as for the alkali halides, described in Section V.A.l.

The zero of the polar angle is determined by first writing

-3

where i is the true polar angle, &' is tae scale reading, and is

the scale reading when = 2'. Then,detector angle measurements,

are mace for a set of noi.nai polar anales,<. A plot of 5versus

is made and extrazolated o D a." This intercept effectively

determines the scae readin- zero correct ion -. These plots turn

out to b~e very near- stra:i= 1nes, as seer. :,n the exarrple shcwn

in Figure 20. Ic. l.-.eir :r-scn rrelatin coefficients'

differ frg7 :,-yu T. e s1s:e5 of the :icts

,ary, frsm :bot 1.5 -2..5, an effect caused by the various

misali:nments3 escrein Sect:on .',2. A detailed tr-.atment of the

effects of aP - :aratus ::salin:ent ,on the rolar annie zeroi::roeaure

is given in the Arenix.
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2. Binding energies

An example of the scatt r. ng data, demonstrating selective adsorp-

tion minima in the specular intensity, is shown for 4He on graphite in

Figure 21. Although the actual scattered intensities are not identical

for all samples due to surface imperfections, the positions of the

minima are reproducible within experimental error. This is sufficient

for present purposes, since these positions are the input for calcula- V

tion of the energy eicenvalues. The data in this section were taken

on three surfaces, one vacuum-cleaved and two heat-treated, and no

systematic variations were seen from sample to sample.

Five bound state energy levels were resolved for 4He on graphite.

Energy levels were measured for transitions via each of the three

shortest reciprocal lattice vectors available, namely G , G , and
0,1 I,

G . The locations in K -K space where data were taken are sumarized
li x y

in Ficure 22. Notice that the data need be taken over only a 30'

interval in due to the sixfold symmetry of the lattice.
1i

The average binding energies for all 'He data are summarized in

Table 4. Also tabulated there are the standard deviation and number

of determinations for each energy level. The earlier results of

59
Boato et al. are listed there for comoarison. Note that there is a

systematic disagreement between the two sets of eigenvalues. Although

this was initially a source of concern, the discrepancy can be traced

to the procedure used in zeroing the polar angle of the Cenca appara-

tus, and when ccrrection is made for this, excellent 3cre,2ment with

24
the present results is choaaned.
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Table 4. Energy eigenvalues for "He/grachte.

Resulzs of
E. Std. dev. No. of a
(meV) (meV) detns. Boato et al.

(meV)

0 -12.06 0.13 25 -11.75

1 - 6.36 0.11 30 - 6.13

2 - 2.35 0.10 33 - 2.65

3 - 1.01 0.09 32 - D.36

4 - 0.17 0.06 18

aFrom Reference 59

For 3He on graphite, only three energy levels were resolvable.

This is probably due to the higher velocity spread in the 3He incident

beam. Its lighter mass causes the 3He to be less strongly bound to

the surface, also making it more difficult to observe high j bound

states. The average binding energies of the observed states are pre-

sented in Table 5, along with their standard deviations and the number

of determinations made for each. The data were taken over several

areas of K -K space, as shown in Ficure 23, and were acain taken forx vy

transitions induced by each of the three.- i ..crtant recizrocal lattice

vectors.

As seen in Figures 22 and 23, no systematic trends are apparent

from one region of K -K, space to another. In ceneral, crossings of
x

strongly couple:d states were avoided in tak'nc the data. The standard

deviations listed in Tables 4 and 5 comuare faVrab.: witn es-", tlh

uncertainty, . .12 meV, calculated as in Section ".A.L. CW"
3
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Table 5. Eneroy eigenvalues for 3He/graphite

E. Std. dev. No. of

( (meV) detns.

0 -11.62 0.09 25

1 - 5.38 0.13 25

2 - 1.78 0.11

of these results in determining v(z) for helium on graphite is discus-

sed in Section VI.B. Also presented there is an assessment of the

validity of the free-atom approximation used in calculating the eigen-

values from the resonance positions and Equation (6).

3. Second-order resonances and splittings

a. Using 17.3 meV incident beam.

As pointed out in Section III.D, several interesting effects can

occur along with band splitting when strongly coupled resonances cross.

Figure 24 presents some specular intensity data plotted as a function

of azimuthal angle for various fixed values of polar angle. Boatc

24
et a!. observed a case similar to this at somewhat higher enercv.

The rescnance loci of Figure 24 are plotted in K -K space in Figure
x y

25, along with curves representing the free-atcm results. The data

are shifted in oclar ancle to ccmcensate for facetting as in Section

V.A.2, in this case, to fit erzenvalues plus calculated band-structure

corrections. 29 Te dati Ln Yizr, --4a is plotted in rcion "a" of
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several values of polar angle corresponding to regicn
"a" of Figure 25.
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Figure 25, and similarly for b and c. At the lowest polar angle, in

Figure 24a and region "a", only the pair of minima for the 0(1,0) and

0(0,1) states are visible. These are first-order transitions, i.e.,

coupled to the incident beam via first-order reciprocal lattice vectors,

and therefore quite strong. As e increases, these minima move inward

toward = 0'. As this happens, another minimum appears, much weaker,

at e 72.50. It then splits and moves outward, growing stronger and

merging with the other pair at S 75.50* As seen in Figure 25, the

weak minima correspond to the second-order transitions 0(1,1) and

0(1,1). The 0(1,1) state is strongly coupled to "(1,0) by V (z),

and likewise,0(l,!) to 0(0,1) by V- (z). Note that the strong
10

coupling does not occur between the pairs of states that cross at

5 75.5 ; thus, there is no observable splitting there.

Consider next Figure 24b and region "b" of Figure 25. Here,the

merged minima split as S continues to increase, the first-order ones

moving inward to their crossing at 5 77' and the second-order ones

moving outward. Finally, in Figure 24c and region "c;' the strongly

interacting pairs come together. in the region of strong interaction,

they form two mixed states separated by a band gap. After the crossing

point is passed, the levels start to approach the free-atom curves

and the second-order ones fade away as the admixture becomes weaker.

This is evidently an example of the phenomenon predicted by

15DWeare et al. The second-order resonances, not normally observable,

become manifest by "borrowing" intensity from the first-crder states

they are admixed with. From the magnitude of the splitting of 3(i,0)
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and 0(1,I), the matrix element <0iV 0> is calculated to be 0.25C.03

meV. These results are consistent with those of Boato et al. 24 (see

also Table 11).

b. Using 4.7 meV incident beam.

The use of a very low-energy, long-wavelength incident beam has

several desirable features. The constraints imposed by the kinematics

r.

of the scattering result in fewer oven diffraction channels at these

energies. The number of selective adsorptions allowed also decrease.

and the resonances spread out in K -K space. Thus, the situation is
x y

somewhat simplified as compared to the 17.3 meV beam. An application

of this low energy beam is presented here for helium scattering from

graphite, namely a study of some splittings, which are also slightly

more spread out in K -K space.
x y

A situation similar to that just previously described is seen

in Figures 26 and 27, this data taken with 4.7 meV incident energy;

corresponding to k. f 3.0 A . The region being examined again in-

cludes both first- and second-order transitions, the first-orders beinc

j = 1 states this time. For the lowest values of e, the minimum at

the higher ,, corresponds to the l(0,1) state,while the minimum at

lower ' corresponds to 0(1,1). As increases, both resonances move

inward toward their nominal crossing points at J. At 52',

the 0(1,i) beccmes jegenerate at = 00 with the 0(1,1) symmetrical

to it (not shown in Figure 26 for simplicity). The 1(3,1) resonance,

hcwever, is snlit off by its admixture with the (1,1) and ices not
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situations of high symmetry, 18 but there is no obvious symmetry here.

There is some evidence that it may be caused by inelastic effects.
6 3

At any rate, an estimate of the matrix element for the splitting can

be calculated by extrapolating the observed data. It is found to be

<1V 10> = 0.16 z 0.03 meV, which again agrees within experimental
24

error with the result of Boato et al. obtained at the higher beam

energy.

The (7,0) states are only weakly coupled to the (1,0) and (1,i)

states they cross. For j = 4 and j = 2,they simply cross with no

noticeable disturbance, as expected. The 3(1,0) transition, however,

crosses through the l(1,0)-0(1,1) splitting and it also disappears

in this vicinity. Since the coupling in this case is weak, the situa-

tion is somewhat different than for the (1,0)-(1,1) mixture. Neither

case is really well understood theoretically. Finally, notice that

the average binding energies of the (1,0) resonances in this region are

-0. imeV higher than the overall averages previously established. This

is seen to be the case with the 17.3 meV beam energy also.

4. Inelastic effects

Even at 17.3 meV incident eneray, there is some evidence of

presence of inelastic processes operating in the scattering. The

experimentally observed selective adsorption signatures are virtually

all intensity minima, whereas the elastic scattering tores of .vare

et al. 15 an 'a'ia -16 predi: cximA i: a few -s-ix >cI 3 :oomei-

i ____ ::-an be dye I e Df ''12 th, I cw,-r energy beam.
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Figure 30 shows specular intensity data as a function of polar

angle at = O' for two different incident energies. Figure 30a is

data for the beam energy at 16.8 meV, while Figure 30b is for the

5.1 meV beam energy. The data were taken on the same surface and

incidence conditions other than experimental variables were held as

constant as possible.

The major qualitative trends in the data can be explained within an

elastic scattering framework. In Figure 30a the intensity in the specular

beam shows an overall decreasing trend with e. This is probably caused

by the intensity going into the diffraction channels which become Doen at

lower e. When the beam energy is 3.1 meV, fewer diffraction channels

open and this is reflected in the relatively flat (except resonances)

intensity scan of Figure 30b. Since there are fewer open channels,

however, it is expected that the specular intensity at 5.1 meV be

greater than that at 16.3 meV for any polar angle. From Figure 30 it

is seen that the intensities are about the same magnitude. This fact

also contradicts the predictions of a Debye-Waller model. A highly

probable explanation of this is the presence of inelastic scattering

processes draining intensity from the specular beam.

In order to perform a more direct test of this hypothesis, the

beam energy is further lowered to about 2.9 meV. At t-his incident

energy, only one diffracted beam, the (1,1) is allowed at = 
,

and it is an in-plane beam. Thus, it is possible to monitor

the totL diffracted flux from a well-defined :. ne -

.olar at 1.i is s:nndectie i:n resonanc_2.
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Any unitary elastic theory predicts that an intensity minimum in one

of the beams should give rise to a maximum in the other. Results for

the 1(1,0)-i(0,1) transition are presented in Figure 31, where it is

seen that minima in both beams occur. It is felt that this is an

unambiguous demonstration of the importance of inelastic scattering,

and probably as well as can be done without energy analysis of the

scattered beams.

ii

11
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VI. DISCUSSION

A. Alkali Halides

1. Laterally averaged potentials

A major experimental result of Section V.A is the eigenvalue

spectrum of helium adsorbed on NaF and LiF surfaces. These values are

the input for the generation of semi-empirical potentials V (z). Two
0

isotopes of helium are used to increase the input available for these

calculations. The eigenvalue data also would serve as a test of any

first-orinciples calculation of V (z) , but this has not yet been done.

Several semi-empirical model potentials have been used with success
6. .. .64,65

by Cole et al.64 Two of these, the 3-9 potential and the shifted
64

Morse hybrid potential, have been fit to the alkali halide eigen-

value data and are discussed here. The 3-9 potential can be written

Vez) - --/! - - (12) 

2 LZ+zi - z0

where D is the well depth, and 3 is the distance for which the potential
e

is equal to zero (z3 simply shifts the z-axis without changing the

eigenvalue spectrum). The values of the parameters are summarized in

Table 6, and the calculated eigenvalues are ccmared to experiment in

1
Table 7. Equation (12)has the correct asymptotic form of - tar from

Z_

6i
the surface, and the coefficient C3 of the asymptotic can be cal--3

culated from D and J. The C, calculated n this way, however, is

about twice the theoretical value of Bruch and Watanabe. This

discrepancy is probably due to the fact that the data is rrsntatlve
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Tanle 6A. Parameters of the 3-9 potential (from Ref. 64).

D C 3 z
System e '3)

(meV) (_ (meV A ) (A) D

He/NaF 7.64 1.91 138.3 0.59 3.58

He/LiF 8.92 1.94 169.2 0.70 3.93

Table 6B. Parameters of the shifted Morse hybrid potential (from
Ref. 64).

0 z z a
p e D(I + .) C.

System (meV) (A ) Z( (A) (meV) meV-A

He/NaF 6.5176 1.2269 0.05937 4.263 1.699 6.905 72.5

He/LiF 7.740 1.2929 0.075 3.482 1.634 3.321 Si.7

aTheoretical value, from Reference 67
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Table 7. Comparison of experimental and calculated eigenvalues.

System j IEjj (expt.) EJ (3-9 )a EJ (S\.H)a
(meV) (meV) (meV)

3Hei'NaF 0 4.50 4.53 4.558

1 1.38 1.40 1.380

2 -- 0.33 0.245

3 -- 0.05 0.01

He/NaF 0 4.92 4.89 4.838

1 1.37 1.82 1.883

2 0.54 0.36 0.471

3 -- 0.13 0.071

3He/LiF 0 5.59 5.56 5.616

1 2.00 1.94 1.945

2 -- 0.54 0.412

3 -- 0.11 0.045

He/LiE 0 5.90 5.9- 5.940

1 2.46 2.44 2.4s,

2 0.78 0.$6 0. 731

3 0.21 0.24 0.141

4 -- 0.05 0.014

aFrom Reference 64

I
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of atoms localized near the surface rather than in the asymptotic

region. A convenient property of Equation (12) is that it predicts,to

65
very good approximation, an analytic eigenvalue spectrum:

D-aC3 t 1/6

where ' is a mass reduced quantum number allowing utilization of data

for both isotopic forms and is defined by n (j 1 WM
2

The shifted Morse hybrid notential is based on the idea that the

Morse potential is a good approximation to V (z) near the minimum but

has the incorrect asymptotic form. Thus, for z greater than some coint

C
z ,the form - is assumed with C3 being the theoretical value. For

p 33

z less than z , a shifted Morse function
p

VS () (
2  2x S)e

V (z) = D(x- 2x - , x = e (14)

is used, where D is the well depth, is the shift, and z. is the

ecuilibrium cosition. The parameters of Equation (14)are fitted to

the energy eigenvalues and the functions are matched at z . Tables
p

6 and 7 give the param-ters and predicted eigenvalues of the shifted

Mores hybrid potential for helium on the alkali halides. A Clot of

these potentials is given in Figure 32 for helium on NaF.

2. Surfa:e periodicity

The matrix elements measured for ne n i can coomparud to

6S 1
tneoret:al :alculations done by Tsuchida and b%' Chow. and. .... ...

T. .method thev emnlov is to model the ioten <is -s of air
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Table 8. Experimental and theoretical values of 4He/LiF matrix
elements (in meV).

Chow and a  Tsuchidab  Experimental
Thompson

<01VOI0> 0.32 0.43 0.25 t 0.05

<lIV0111> 0.14 0.20 0.20 ± 0.10

<01VI110> 0.21 0.28 0.10 ± 0.05

<11V 1,11> 0.09 0.14 <0.05

aFrom Reference 17

b
From Reference 68

~m~I
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interactions between the He atom and the ions of the crystal, and they

compute the Fourier expansions of the resulting expressions. From the

one-dimensional Schroedinger equation using V0 (z), the wave functions

are calculated. The theoretical matrix elements are then found by

numerical integration. Tsuchida represented the potential as a sum of

12-6 pair interactions, while Chow and Thompson used sums of Yukawa - 6

pair potentials. The results of their calculations, along with the

experimental values for comparison, are presented in Table S.

Notice that the theoretical models overestimate the strength of

V11 as compared with V0 . Carlos has pointed out 29 that this may be

due in part to the approximations made in the pair potentials. In

particular, the He-Li pair interaction is approximated by that for

He-He, and He-F interaction is approximated by that for He-Ne. This

is consistent with the He/LiF diffraction data, which can be inter-

preted quite well using only the (0,l) component of a surface corruga-

tion function.

B. Graphite

1. Application to physisorption

As in the case of the alkali halides, the eigenvalues E. constitute
J

the spectroscopic data of the adatom states. Carlos and Cole
29 ,6 9 ,70

have fit several model potentials to data for both isotopes. These

include pairwise sums of 12-6 potentials, 12-8-6 potentials, exponential

- 6 potentials, and Yukawa - 6 potentials. In all cases,they find that

the E. can be fit to these potentials, but the matrix elements measured
f

24for He on graphite by Boato et al. cannot be accounted for. This
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situation is remedied by the introduction of anisotropy into the poten-

tial corresponding to the anisotropy of the bonding orbitals in the

graphite basal plane. They sum over pair potentials of the form

I ~)Ae (i + cos 2 3)-- -osA (15)

U(-) A ear 3asdC3  L 3jr R- 1 r [ - (15)

rand obtain a laterally averaged potential

V) (z) 4tA FEe - + -3C3d 0 (z+nd) (16)as L J n=0

where a is the unit cell area, d is the interplanar spacing, ands

E, (az) is an exponential integral. The parameters of V (z) are fit to
0

the eigenvalues tabulated in Section V.B. The pairwise sums also yield

the higher-order V-(z), which are fit to the matrix elements. The para-
G

meters of the modified Yukawa - 6 potential are listed in Table 9, while

the eigenvalues and matrix elements calculated from it are compared to

experimental values in Tables 10 and 11. The agreement is very good,

and this is thought to be a good approximation to the helium-graphite

interaction. On the other hand, the optimum value of C 3, given in

Table 9, is about half the theoretical value. 71 This is probably be-

cause the atoms in resonance do not sample much of the asymptotic

region. A plot of the potential over various lattice sites is snown

in Figure 33.

A further test of both experiment and theory is to compare these

results with the data from experimenta on thermodynamic properties of

He films adsorbed on graphite. Before this can be done, however, the
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Table 9. Parameters of modified Yukawa-6 potential, from Reference 69

a YR O C A

3

0.4 -0.29 3.25 X-1 83 meV- 1 47.2 eV

aFixed a priori from dielectric properties of graphite

Table 10. Experimental and theoretical energy eigenvalues of
He/graphite (in meV).

n 4He/graphite a 3He/graphite
Experimental Theoretical Experimental Theoretical

0 -12.06 -12.12 -11.62 -11.61

1 - 6.36 - 6.36 - 5.36 - 5.34

2 - 2.85 - 2.77 - 1.78 - 1.88

3 - 1.01 - 0.94 -- - 0.44

4 - 0.17 - 0.22 .--

aFrom Reference 69
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Table 11. Theoretical and experimental matrix elements for He/graph-
ite (in meV).

i a Experimental
Theoretical Boato et al.b Penn State

<01V 0Ic> -0.27 -0.28 -0.25

<liV01 1> -0.21 -0.185

<21V 12> -0.13 -0.12

<31V 13> -0.06 -0.08

<OjV 1i> 0.20 0.195 0.19 c

<01v 2> 0.13 0.125
01

<01V01 13> 0.08 0.09

<0!V 4> 0.04 0.03
01

<1V01 2> 0.16 0.16

<l1V 2> 0.10 0.10

<21V01 3>  0.09 0.11

a From Reference 69

bFrom Reference 24

CAverage value
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He/Graphite POTENTIAL
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-15 -

Figure 33. Plot of modified Yukawa-6 potential (summed) for He, grapn-
ite over principal lattice sites (from Ref. 69)
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free-atom binding energies E must be modified to account for band-J

structure. A full band-structure calculation was done by Carlos and

29,70 tedtoftenagrp 24

Cole, using the data of the Genoa group and of Section V.B.

The result of their calculation at scattering energies demonstrates

the validity of the free-atom approximation used to obtain the E.J

(far from level crossings). Their calculation in the energy regime

of physisorbed sub-monolayer He films shows a greater degree of corruga-

72
tion than was previously believed, implying somewhat less free-particle

character for the adatoms. This result reflects the anisotropy of the

potential.

The computed band-structure corrections at K = 0 are - 0.16 meV

for 4He,and - 0.11 meV for 3He. This yields E, = -12.22 meV for 4He,

and E,=-11.73 ne.' for 3 He as the ground state energy of a single atom ad-

sorbed on graphite. The ground state energy per atom in an adsorbed

film is equal to the chemical potential W at T = OK. This quantity

has been derived from thermodynamic data by Greif et al. 73 for 3He

and 4He films on graphite. After correction is made for the latent

heat of 4He 7 4 ( He is not expected to condense75), they obtain

=i . -12.27 t 0.2 meV for 4He, and !, = -11.72 = 0.2 meV for 3He. These

values are in excellent agreement, which seems significant considering

the vast differences between the two types of experiment.

2. Evaluation of scattering theory

It is clear from the previous treatment that the kinematical

analsis has a firm foundation. Results of dynamical scattering
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theory, however, are still subject to doubt. Considering the success

of elastic theories in predicting resonance lineshapes for He scattering

from LiF and their partial success for graphite, it seems that inelastic

processes may be the cause of discrepancies.

A major success of elastic theory is the prediction by Weare

et al. 15of intensity borrowing in level crossing. The data of

Section V.B demonstrate that this prediction is quite consistent with

experiment for both moderate and very low beam energies. The same

theory, however, predicts selective adsorption intensity maxima which

are observed experimentally to be minima. The conjecture that this is

caused by inelastic scattering is consistent with the large increase

in signal produced by lowering the surface temperature. This is

intuitively sensible since weak interlayer forces in graphite can be

expected to produce soft vibrational modes.

The data also show a resonance disappearing in the vicinity of a

level crossing, a phenomenon that occurs at both moderate and low

beam energies. This is also unexplained by otherwise successful

theories. Weare has reproduced this theoretically 63 by using an

optical potential to incorporate inelastic effects into the scattering

formalism. Chow 55has also used the optical potential to show that

elastic intensity maxima are transformed into minima. The optical

potentials, unfortunately, provide virtually no detail about the

atom-surface interaction.

Finally, the data taken with a very low energy incident beam show

clear and direct violations of any unitary elastic theory. Thus,
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despite its valuable successes, atomic beam scattering theory must

directly confront the problem of inelastic scattering mechanisms in

order to progress much farther. At the very least, it should be able

to predict the conditions for which an elastic framework is appropriate.

C. Conclusions

The major results of this work are the measurement of binding

energies of 3He and 4He on NaF, LiF and graphite, the measurement of

several matrix elements of 4He on LiF and grapL'ite, and the examina-

tion of resonance lineshapes for 'He scattering from LiF and graphite,

the latter at several incident beam energies. These results have

several interesting implications for both atomic beam scattering theory

and the physics of two-dimensional systems. In general, it seems that

an elastic framework is more appropriate for He scattering from alkali

halide surfaces than from the basal plane of graphite. Scattering

studies on graphite, especially at very low incident energies, demon-

strate the presence of important inelastic processes. Other experi-

ments, however, exhibit phenomena at both moderate and very low beam

energies that are consistent with an elastic formalism, such as

intensity borrowing. The problem of determining the conditions under

which an elastic framework is appropriate remains to be solved. The

data presented here indicate the usefulness of the kinematical approach

regardless of the status of dynamical theorz. Within a kinematical

framework, moreover, the free-atom approximation is seen to be good

far from level crossings.
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The free-atom approximation is used herein to calculate the bind-

ing energies of 4He and 3He on NaF, LiF, and graphite. From these, a

set of laterally averaged potentials V0 (z) are generated for these

systems. V0 (z) is well-characterized for helium on both alkali halides

and graphite. There are still problems, however, with these models.

In particular, the coefficient of the potential's asymptotic tail differs

greatly from theory in all these cases.

Matrix elements of the V-(z) were also measured for 4He on LiF
G

at 17.3 meV and 4He on graphite at 4.7 meV. The LiF measurements

indicate that the V I component dominates the surface periodicity.

In the case of graphite, the matrix elements measured at 4.7 meV

24
beam energy agree within error with those of Boato et al. measured

69at a higher energy. The latter were employed by Carlos and Cole,

along with the 4He and 3He eigenvalues, to generate the form of the

helium-graphite potential. It is found that an anisotropic form is

required. They then use the potential to calculate the band-structure

of helium on graphite.

The major conclusion of these calculations, based partly on the

data presented herein, is that the adsorbed He atoms feel a larger corru-

gation than was previously thought to exist. This has obvious implications

for the thermodynamics of helium films on graphite. For the comparison

which has been made already, the scattering data and thermodynamic

data are in remarkable agreement for the ground state energy of both

L.3 n 70He and He on graphite. Efforts are continuing in the calculation

of thermodynamic properties from scattering results on this system.
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D. Suggestions for Future Work

in view of the important role played by inelastic scattering

mechanisms, a high priority should be given to energy analysis of the

scattered beams. This can be done by the time-of-flight technique.

It will provide important information about the surface vibrational

modes, and will probably contribute to the understanding of the

scattering mechanisms as well.

Experiments should be done on a variety of other surfaces. Semi-

conductors, metals, diamond, and secondary cleavage planes of the

alkali halides are a few of the oossibilities. Another interesting

and valuable experiment would be scattering of helium from adsorbed

overlayers of the heavy rare gases. Rare-gas-plated graphite basal

planes are a particularly interesting possibility.

I
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APPENDIX

Misalignment and Angular Measurement

Al. Introduction

The determination of the incidence angles, 6 and , is a difficult

procedure if high accuracy is required. One problem is caused by the

crystal surface being composed of facets misaligned in polar angle.

Another problem is caused by the apparatus misalignments outlined in

Section IV.C; namely, the beam, the surface, and all rotation axes not

being properly positioned with respect to each other. The two problems

are not independent of each other, and the occurrence of both together

is extremely difficult to treat. Because the facetting is not very bad

in the alkali halides, the averaging procedure described in Section V.A.l

is adequate if care is taken to minimize the degree of misalignment.

The relative flatness of the surface, in turn, makes the alignment pro-

cedure easier to perform. Work with the graphite surface, however,

entails a more severe set of problems.

A2. Angle Measurements for Graphite

The facets of the graphite surface typically are small and badly

misaligned (see Section V.B.1). It is clear that the averaging techni-

que, appropriate for the alkali halides, is not suitable for determining

a in graphite work since an entirely new facet will probably be sampled

upon rotation by 6C0 to a crystallographizally equivalent position.

Instead, the procedure for determining c described in Section V.3.1

is employed. This assumes that the polar angle scale reading ' is



102

equal to the true polar angle ' except for a constant correction which

can be found by zeroing the angle scale. Detector angle measurements,

ad ' are made for a set of nominal polar angles e' and are extrapolated

to ad = 0. This yields the value of a' at e = 0* which can then be

used to correct all 9' measurements. This procedure, however, is also

affected by the misalignments and its accuracy is therefore not neces-

sarily assured. Thus, an assessment of the effects of misalignment on

the polar angle zeroing procedure was carried out.

A3. Effects of Misalignment

A3a. Surface Normal Misalignments

If the surface normal is not collinear with the azimuthal axis

(a tilted facet, for example), the polar angle changes as the azimuth

is varied. Therefore,data are taken only within a few degrees of the

value at which the zeroing procedure is done. A new zeroing run is

performed when data are wanted at a different . The tilt will also

introduce some error into the detector angle reading, but this error

enters linearly to good approximation since the tilt angle is small and

therefore, it is taken care of by the extrapolation procedure.

A3b. Rotation Axes Misalignments

The misalignments of the polar and detector angle rotation axes

are difficult to treat analytically, so an empirical approach was

taken. In one case, for example, a zeroing run, e' vs. ed P was first

carried out. Then,the detector angle axis was moved z3 mm laterally.



103

The same zeroing run was then done again resulting in different detector

angle readings but having essentially the same slope and the same value

of a;. These results are presented in Table 12. Although it is not

possible to draw general conclusions, no inconsistencies were found to

result from these misalignments and it is at least reasonable to expect

the extrapolation procedure to compensate for their effects.

A3c. Beam and Surface Misalignments

The major remaining problems are the baam and the sample surface

not being on the polar angle rotation axis. Only these two misalign-

ments are considered here to simplify the analysis. First, define dB

as the distance between the beam and the axis of rotation dS as the

distance between the surface and the axis, and R as the radius of the

detector swing. Let C = 900-e, the angle between the beam and the sur-

face, so that in the ideal case of no misalignrent ed = 2a. In the case

of misalignment being present, it is found by geometrical construction

that

tanR sin d - d B  (Al)

cos 8 S~
tan a = dB  _dS _nAI

d tana

This transcendental equation is solved numerically and it is found that

the extrapolation procedure is valid, but only for the small degree of

misalignment maintained throughout the experiment.
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Table 12. Zeroing results before and after detector axis change.

Data of 9/12/79 Data of 9/15/79
=170 = 17°

e' ed e' ed

direct beam 0.54 direct beam 0.80

80 20.78 80 21.06

75 30.83 75 30.58

70 40.53 70 40.74

65 50.54 65 50.75

60 60.25 60 60.33

55 70.01 55 70.00

50 79.93 50 79.72

45 89.54 45 89.43

40 99.32 40 99.22

35 109.11 35 109.08

30 118.85

slope -1.96 slope = -1.95

= 0.420 6' = 0.390
0
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